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Cornea

In Vivo Confocal Microscopic Evidence of Keratopathy
in Patients with Pseudoexfoliation Syndrome

Xiaodong Zbeng," Atsushi Shiraishi," Shinichi Okuma,* Shiro Mizoue,' Tomoko Goto,">
Shiro Kawasaki," Toshibiko Uno,"® Tomoko Miyoshi,"* Alfredo Ruggeri,*

and Yuichi Obashi®

Purpose. To measure the density of cells in different layers of
the cornea and to determine whether morphologic changes of
the subbasal corneal nerve plexus are present in eyes with the
pseudoexfoliation (PEX) syndrome.

MEeTHODS. TWenty-seven patients with unilateral PEX syndrome
and 27 normal controls were investigated. All eyes underwent
corneal sensitivity measurements with an esthesiometer and in
vivo confocal microscopic study. Densities of the epithelial,
stromal, and endothelial cells were measured. The density and
tortuosity of the subbasal corneal nerve plexus were also eval-
uated.

Resurts. Eyes with PEX syndrome had significantly lower cell
densities in the basal epithelium (P = 0.003), anterior stroma
(P = 0.007), intermediate stroma (P = 0.009), posterior stroma
(P = 0.012), and endothelium (P < 0.0001) than in the corre-
sponding layers of normal eyes. PEX eyes also had lower
subbasal nerve densities and greater tortuosity of the nerves
than normal eyes. Fellow eyes of patients with PEX also had
significantly lower densities of the basal epithelial and endo-
thelial cells than the normal eyes. Corneal sensitivity was sig-
nificantly decreased in PEX eyes, and this was significantly
correlated with the decrease of basal epithelial cell and sub-
basal nerve densities.

Concrusions. These results have shed light on understanding of
the pathogenesis of decreased corneal sensitivity in eyes with
PEX syndrome. PEX syndrome is probably a binocular condi-
tion for which keratopathy of the fellow eye also requires
observation. (Invest Ophthalmol Vis Sci. 2011;52:1755-1761)
DOIL:10.1167/i0vs. 10-6098

he pseudoexfoliation (PEX) syndrome is a common age-

related disorder of the extracellular matrix and is fre-
quently associated with severe chronic secondary open angle
glaucoma and cataract.'™ The prevalence of PEX syndrome
varies widely in different racial and ethnic populations. In
addition, the prevalence of PEX is dependent on the age and
sex distribution of the population examined, the clinical crite-
ria used to diagnose PEX, and the ability of the examiner to
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detect early stages and more subtle signs of PEX. For example,
the highest rates in studies of persons older than 60 years of
age have been reported to be approximately 25% in Iceland
and more than 20% in Finland.>* The ocular manifestation of
PEX syndrome is the production and progressive accumulation
of abnormal extracellular fibrillar material in almost all the
inner wall tissues of the anterior segment of the eye. This
characteristic alteration predisposes the eye to a broad spec-
trum of intraocular complications including phacodonesis and
lens subluxation, angle closure glaucoma, melanin dispersion,
poor mydriasis, blood-aqueous barrier dysfunction, posterior
synechiae, and other related complications.*”®

The PEX syndrome is associated with corneal endotheliopa-
thy, and this has been suggested to be the cause of the so-called
atypical non-guttata Fuchs endothelial dystrophy.s’6 PEX en-
dotheliopathy, a slowly progressing disease of the corneal
endothelium, is usually bilateral but is often asymmetrical. It
can lead to early corneal endothelial cell decompensation,
which can then induce severe bullous keratopathy, a vision-
threatening disorder.

Clinical signs of PEX syndrome include decreased corneal
sensitivity, thinning of the central corneal thickness, and im-
paired tear film stability.””® However, the underlying cause of
these clinical findings has not been well investigated, possibly
because objective and accurate in vivo examination techniques
are not available.

Recent advances in imaging technology have improved the
ability of these instruments to diagnose different ocular dis-
eases. The Rostock Cornea Module (Heidelberg Engineering,
Heidelberg, Germany), consisting of a contact lens system
attached to the Heidelberg Retina Tomograph II (Heidelberg
Engineering), is such an instrument. It uses laser scanning
technology to investigate the cornea at a cellular level, and
structures such as the subbasal nerve plexus, which cannot be
seen by slitlamp microscopy, can be clearly seen.'®*?

In vivo confocal microscopy (IVCM) was used by Martone
et al.'? to examine one eye with PEX syndrome, and noncon-
tact IVCM was used by Sbeity et al.’®> to study PEX, PEX-
suspect, and normal eyes. However, there has not been a
detailed and quantitative study of the morphologic changes in
the corneas of eyes with PEX syndrome.

Thus, the purpose of this study was to examine the under-
lying pathogenesis of PEX keratopathy and to obtain evidence
to explain clinical findings such as the decreased corneal sen-
sitivities observed in patients with PEX syndrome. To accom-
plish this, we used IVCM to determine cell densities in different
corneal layers of eyes with PEX syndrome and their clinically
unaffected fellow eyes. These findings were compared with
those in normal control eyes. The nerve densities in the sub-
basal layer were also analyzed, and their relationship with the
alterations of clinical corneal sensitivity were analyzed.
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SUBJECTS AND METHODS

Subjects

We studied 27 patients (16 men, 11 women; mean age, 74.4 = 6.3
years; age range, 65-90 years) with diagnoses of unilateral PEX syn-
drome. In all eyes, exfoliation material (XFM) was seen by slit-lamp
microscopy at the pupillary border or on the anterior lens capsule.
Eyes with PEX syndrome were placed in the PEX group, and clinically
normal fellow eyes were placed in the PEX fellow eye group. Age- and
sex-matched normal subjects (16 men, 11 women; mean age, 72.7 =
6.5 years; age range, 61-92 years) were also studied. One eye from the
normal control group was randomly selected and used in the statistical
analyses. Exclusion criteria included Stevens-Johnson syndrome, lym-
phoma, sarcoidosis, corneal dystrophy, injury, inflammation, systemic
therapy with drugs with known corneal toxicity; treatment with top-
ical anti-glaucoma drugs, steroids, or NSAIDs; contact lens wear; pre-
vious ocular surgery; and other ophthalmic diseases.

The procedures used conformed to the tenets of the Declaration of
Helsinki. Informed consent was obtained from all subjects after an
explanation of the nature and possible consequences of the proce-
dures. The protocol used was approved by the Ethics Committee of
Ehime University School of Medicine.

Corneal Sensitivity Measurements

Measurement of the corneal sensitivity was performed with a Cochet-
Bonnet nylon thread esthesiometer, as described. ' The examination
was begun with a 60-mm length of nylon filament applied perpendic-
ularly to the central cornea, and the tests were continued by shorten-
ing the filament by 5 mm each time until the subject felt the contact of
the filament. Each subject was measured twice with a between-test
interval of at least 5 minutes, and the average of two measurements
was used for the statistical analyses.

In Vivo Confocal Microscopy

IVCM was performed on all subjects with the Rostock Corneal Module
of the Heidelberg Retina Tomograph II (HRTII-RCM; Heidelberg Engi-
neering). After topical anesthesia with 0.4% oxybuprocaine (Santen
Pharmaceuticals, Osaka, Japan), the subject was positioned in the chin
and forehead holder and instructed to look straight ahead at a target to
make sure that the central cornea was scanned. The objective of the
microscope was an immersion lens (magnification X63; Zeiss, Chester,
VA) covered by a polymethylmethacrylate cap (TomoCap; Heidelberg
Engineering). Comfort gel (Bausch & Lomb, Berlin, Germany) was used
to couple the applanating lens cap to the cornea. The polymethylmeth-
acrylate cap was applanated onto the center of the cornea by adjusting
the controller, and in vivo digital images of the cornea were seen on
the monitor screen. When the first layer of superficial epithelial cells
was scen, the digital micrometer gauge was set to zero, and then a
sequence of images was recorded as the focal plane was gradually
moved toward the endothelium. Each subject underwent scanning
three times at intervals of at least 15 minutes.

The laser source of the HRT-IT RCM is a diode laser with a wave-
length of 670 nm. Two-dimensional images consisting of 384 X 384
pixels covering an area of 400 X 400 pwm were recorded. The digital
resolution was 1.04 pwm/pixel transversally and 2 wm/pixel longitudi-
nally, as stated by the manufacturer.

Image Analyses

Central corneal images of all subjects were taken, and the three
best-focused images from the superficial epithelium, basal epithelium,
subbasal nerve plexus, anterior stroma, intermediate stroma, posterior
stroma, and endothelium were selected for analyses. The selected
images were randomly presented to two masked observers (XZ, SO)
for evaluation. All data are presented as averages of three images.

IOVS, March 2011, Vol. 52, No. 3

Cell Density Analyses

Morphologic characteristics and densities in the different layers of
the cornea in the PEX and PEX fellow eyes were assessed and
compared with those of normal controls. Superficial epithelial cells
were identified as polygonal cells with clearly visible cell borders,
bright cytoplasm, and dark nuclei. Basal epithelial cells were iden-
tified as the layer just above the amorphous-appearing Bowman
membrane. Basal cells had bright borders, a uniform shape, and
nonhomogeneous cytoplasm. The anterior stroma was identified as
the first layer immediately beneath the Bowman membrane, and the
posterior stroma was identified as the layer just anterior to the
Descemet membrane and the endothelium. The intermediate
stroma was defined as the layer halfway between the anterior and
posterior stroma.’> The corneal endothelium consisted of a mono-
layer of regularly arranged hexagonal cells with dark borders and
bright reflecting cytoplasm.

After selecting a frame of the image and manually marking the
cells inside the frame (>50 cells), cell densities were calculated
automatically by the software installed in the instrument. Cells
partially contained in the area analyzed were counted only along the
upper and right margins. The results are expressed in cells per
square millimeter.

Analyses of Subbasal Nerve Plexus

The subbasal nerve plexus layer is located between the Bowman
membrane and the basal epithelial layer through which numerous
nerve fibers pass. The density and tortuosity of the subbasal nerve
plexus were analyzed as described.'®'® Two parameters were ana-
lyzed: the long nerve fiber density (LNFD) was determined by dividing
the number of long nerves by the image area (0.16 mm?), and the nerve
branch density (NBD) was determined by dividing the total number of
long nerves and their branches by the image area. Nerve tortuosity was
classified into 4 gradings: grade 1 = approximately straight nerves;
grade 4 = very tortuous nerves with significant convolutions through-
out their course.*®

Statistical Analyses

Data were analyzed with statistical software (JMP, version 8.0 for
Windows; SAS Japan Inc., Tokyo, Japan). All data are expressed as
the mean * SD. The differences of cell densities between PEX eyes
and normal controls or between PEX fellow eyes and normal con-
trols were evaluated with two-tailed Student’s t-tests. The differ-
ences of cell densities between PEX eyes and their fellow eyes were
evaluated by paired #-tests. The Wilcoxon rank sum test was used to
compare the values of corneal sensitivity, LNFD, NBD, and the
nerve tortuosity between PEX patients and normal controls. Spear-
man’s correlation was used to determine the correlation among the
parameters of basal epithelial cell density, subbasal nerve density,
and corneal sensitivity. P < 0.05 was considered statistically signif-
icant. '

REsuLTS

The mean age was not significantly different between patients
with PEX and normal controls (two-tailed Student’s #tests, P =
0.725). Eyes with PEX showed typical whitish exfoliation ma-
terial on the pupillary border or on the anterior lens capsule on
slitlamp examination. Pigmented keratoprecipitates and slight
folding of Descemet membrane were also detected in some
patients. Fellow eyes of PEX eyes and normal control eyes
appeared normal by slitlamp microscopy.

Corneal Sensitivity

The mean corneal sensitivity was 47.8 * 5.6 mm for PEX eyes
and 53.7 = 4.9 mm for PEX fellow eyes. This difference was
significant (P = 0.005; Wilcoxon rank sum test). Mean corneal
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sensitivity was 55.6 * 4.7 mm for the normal control subjects,
and the corneas of eyes with PEX were significantly less sen-
sitive than those of normal control eyes (P < 0.0001). The
difference in corneal sensitivity between PEX fellow eyes and
normal controls was not significant (P = 0.378).

Cell Densities

The density of the corneal superficial epithelial cells was
872.6 * 95.3 cells/mm?, and that for the basal epithelial cells
was 4829.7 = 462.1 cells/mm? in PEX eyes. Densities for the
corresponding layers in PEX fellow eyes were 910.4 = 80.8
cells/mm? and 4996.7 * 438.7 cells/mm?, and densities for the
normal control eyes were 886.4 * 101.7 cells/mm® and
5446.4 * 639.9 cellsymm’. The density of the basal epithelial
cells was significantly lower for PEX eyes and PEX fellow eyes
than for the control eyes (P = 0.003 and P = 0.015, respec-
tively; two-tailed Student’s #-tests; Fig. 1). The difference in the
density of the basal epithelial cells between PEX eyes and PEX
fellow eyes was not significant (P = 0.589; paired #test).
Differences in the densities of the superficial epithelial cells
among the three experimental groups also were not significant
(Fig. 1).

Densities of the cells in the three stromal layers of PEX eyes,
PEX fellow eyes, and normal control eyes are shown in Figure 2.
Compared with normal controls, the cell densities of PEX eyes
were significantly lower in all three layers of the stroma (anterior
stroma, P = 0.007; intermediate stroma, P = 0.009; posterior
stroma, P = 0.012; two-tailed Student’s #tests). The densities in
these three stromal layers in PEX fellow eyes were also lower, but
the decrease was not significant (P = 0.196; P = 0.261; P = 0.08;
respectively; Fig. 2).

Endothelial cell densities were 2240.7 * 236.6 cells/
mm?, 2386.6 + 200.8 cells/mm?, and 2738.7 = 233.2 cells/
mm? for PEX eyes, PEX fellow eyes, and normal eyes, re-
spectively. Differences between PEX eyes and normal
controls (P < 0.0001; two-tailed Student’s #-test; Fig. 1) and
between PEX fellow eyes and normal controls were signifi-
cant (P = 0.001). The difference in endothelial cell density
between PEX and PEX fellow eyes was not significant (P =
0.754; paired t-test).

There was a higher degree of pleomorphism and
polymegethism in PEX eyes than in control eyes. The coef-
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Ficure 1. Corneal epithelial and endothelial cell densities of eyes
with PEX syndrome, their clinically unaffected fellow eyes, and eyes of
normal control subjects. **P < 0.01; *P < 0.05.
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FIGURE 2. Cellular densities of anterior, intermediate and posterior
stroma of eyes with PEX syndrome, their clinically unaffected fellow
eyes, and eyes of normal control subjects. **P < 0.01; *P < 0.05.

ficient of variation (CV) of the cell area was 45.2% * 8.7%,
and the percentage of hexagonal cells (HEX) in PEX eyes
was 30.5% = 10.3%. Both values are significantly different
from those of normal control eyes (CV, 30.6% * 5.6%, P =
0.016; HEX, 50.3 = 6.8%, P = 0.008; two-tailed Student’s
t-test). PEX fellow eyes also showed a similar tendency of
increased pleomorphism and polymegethism, but the differ-
ences were not statistically significant.

Subbasal Nerve Plexus

The LNFD and NBD were significantly decreased in PEX eyes
(17.4 = 6.3 and 32.2 *+ 8.3 nerves/mm?, respectively) com-
pared with those in normal controls (35.9 £ 8.2 and 72.2 *
8.8 nerves/mm?; P < 0.0001 and P < 0.0001, respectively;
Wilcoxon rank sum test; Fig. 3). PEX fellow eyes also had
decreased LNFD and NBD, but these changes were not

. Subbasal nerve fiber density
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90 - & PEX fellow
80 O normal
70 | * %
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40
30
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FIGURE 3. Subbasal LNFD and NBD in eyes with PEX syndrome, their
clinically unaffected fellow eyes, and eyes of normal control subjects.
*p < 0.01.
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significantly different from those of the controls (31.5 = 7.8
and 69.9%9 .4 nerves/mm?; P = 0.093 and P = 0.301).

Confocal images of PEX eyes showed extremely tortuous
nerve fibers, thinning of nerves, short nerve sprouts, fewer
branches from the main nerve trunk, and highly reflective
inflammatory infiltrates in close vicinity of the subbasal nerves.
Representative confocal images of the three groups are shown
in Figure 4. In PEX eyes, 85.2% (23 of 27 eyes) had grade =3
subbasal nerve tortuosity, and the degree of tortuosity in PEX
eyes was significantly higher than that of the controls (3.2 =
0.7 vs. 1.6 = 0.6; P < 0.0001; Wilcoxon rank sum test). The
degree of tortuosity in PEX fellow eyes was also greater than
that of normal controls, although the difference was not sig-
nificant (2.1 * 0.9 vs. 1.6 = 0.6; P = 0.054).

It was our impression that PEX eyes had more inflammatory
cells, including dendritic cells, infiltrating the subbasal cell
layer and anterior stroma, and these changes were more severe
in eyes with decreased subbasal nerve densities and lower
corneal sensitivities (Fig. 4).

Correlation between Corneal Sensitivity and
Subbasal Nerve Density and Basal Epithelial
Cell Density

Spearman’s correlation analyses showed that there was a
significant positive correlation between corneal sensitivity
and the subbasal nerve densities (LNFD, » = 0.764, P <
0.0001; NBD, » = 0.634, P < 0.0001; Spearman correlation
coefficient). Corneal sensitivity was also significantly and
positively correlated with basal epithelial cell density and
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FIGURE 4. In vivo confocal micro-
scopic images of the subbasal nerve
plexus in patients with PEX syn-
drome and a normal control subject.
(A) Representative image from a nor-
mal control subject showing sub-
basal nerve plexus with long nerve
fibers running parallel to the Bow-
man layer. The nerve fibers appeared
to be straight with minimal tortuos-
ity. The subbasal LNFD was 31.3
nerves/mm?, and the nerve tortuos-
ity was grade 1. (B) Representative
image from a PEX syndrome eye
showing very tortuous nerves with
significant convolutions throughout
their course. The tortuosity grade
was 4. Note the intensive infiltration
of dendritic cells (arrows) in close
vicinity of the nerve fibers. (C) Con-
focal image of the subbasal nerve
plexus of another PEX eye showing
the thinning of the nerves, short
nerve sprouts, fewer branches from
the main nerve trunk, and signifi-
cantly decreased nerve density. The
LNFD was 6.3 nerves/mm?>. Arrows:
dendritic cell infiltration. (D) Confo-
cal image of a PEX fellow eye show-
ing moderately tortuous subbasal
nerve plexus with a tortuosity grade
of 3 and an LNFD of 18.8.

significantly and negatively correlated with subbasal nerve
tortuosity (Table 1).

Confocal Microscopic Detection of
Hyperreflective Material

IVCM showed hyperreflective material, probably XFM, in the
subbasal epithelial layer or the anterior stroma of 22 of the 27
PEX eyes (81.5%). The hyperreflective material was also ob-
served abundantly in the endothelia of all PEX eyes. Five of 27
(18.5%) PEX fellow eyes showed hyperreflective deposits in
the subbasal epithelial layer or anterior stroma, and 14 of 27
(51.9%) had endothelial surface deposits of hyperreflective
material. In sharp contrast, none of the normal eyes showed
hyperreflective material in the subbasal epithelial or anterior

TaBLe 1. Correlation among Corneal Sensitivity, Subbasal Nerve
Fiber Density, Tortuosity, and Basal Epithelial Cell Density

Corneal Sensitivity

Spearman Correlation

Coefficient P
Long nerve fiber density 0.7640 <0.0001*
Nerve branch density 0.6341 <0.0001*
Subbasal nerve fiber tortuosity —0.8250 <0.0001*
Basal epithelial cell density 0.6971 <0.0001*

* Statistically significant.
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FIGURE 5. Confocal microscopic im-
ages showing XFM in the subbasal
nerve plexus layer of a patient with
PEX syndrome. (A) Nerve fiber thin-
ning with tortuous morphology can be
seen (arrowbead), and XFM (arrows)
is seen in close vicinity of the patho-
genic nerve fibers. (B) Hyperreflective
deposits (arrows) indicative of XFM
can be seen in the subbasal amor-
phous layer of the comea of another
patient in the PEX eye group.

stromal layers, and only two (7.4%) had a small amount of
hyperreflective material on the endothelial surface (Figs. 5, 6).

Di1scuUssION

The manifestations of PEX syndrome in the anterior segment
are widely known to affect intraocular surgery with poor
mydriasis and intensive postoperative inflaimmation. The
fact that aggregates of XFM can be identified in autopsy
specimens of the heart, lung, liver, kidney, and other organs

Ficure 6. Representative confocal
microscopic images of the endothe-
lial layers of PEX syndrome eye, PEX
fellow eye, and normal control eye
group. (A) Normal subject with reg-
ularly arranged hexagonal endothelial
cells. B) PEX eye showing increases in
pleomorphism and polymegethism
and decrease in cell density. Intense
hyperreflective materials indicative of
XFM can be seen. (C) PEX fellow eye
showing similar changes of endothelial
cells and deposition of XEM.
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in patients with ocular PEX suggests that the ocular PEX
syndrome is part of a general systemic disorder.'~>'7 In fact,
PEX syndrome has been reported to be associated with
cardiovascular diseases, chronic cerebral disorders, Alzhei-
mer disease, and acute cerebrovascular events.’”> Two sin-
gle nucleotide polymorphisms in the lysyl oxidase-like 1
(LOXLI) gene have been recently identified as strong ge-
netic risk factors for PEX syndrome and PEX glaucoma.*®
IVCM with the HRTII-RCM provides a new imaging method
that allows rapid, noninvasive, high-resolution, and microstruc-
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tural examination of the cornea.’®'! Only two studies have
used IVCM to study the corneas of patients with PEX syn-
drome. Martone et al.’? reported the findings in one case, and
they reported that ICVM can detect hyperreflective deposits
and dendritic cells infiltrating the basal epithelial cell layer.
Fibrillar subepithelial structures were found, and the endothe-
lial layer showed cellular anomalies. In a prospective observa-
tional case series, Sbeity et al.'> used noncontact IVCM to
detect XFM on the lens surfaces and corneal endothelia of PEX
eyes and their fellow eyes.

Our study was the first to use IVCM to investigate cell
densities in different layers of the cornea and to determine
alterations of subbasal nerve density and tortuosity in PEX and
PEX fellow eyes. Our results showed a significant decrease in
the densities of the corneal endothelial cells in PEX eyes and
their fellow eyes, which is in agreement with earlier observa-
tions by specular microscopy.®**?° In addition, the clear con-
focal images allowed us to detect pleomorphisms and
polymegethisms of the endothelial cells. All PEX eyes and
51.9% of PEX fellow eyes showed deposits of hyperreflective
material in the endothelium, indicative of either pigment gran-
ules or XFM. In agreement with Sbeity et al.,'> we believe that
the pleomorphic and irregular deposits found on the corneal
endothelium most likely represent XFM rather than pigment
granules, which are round and uniform in size,'> In addition, a
number of patients who had no visible pigment keratoprecipi-
tates on slitlamp microscopy were found to have abundant
large and irregular hyperreflective deposits on the endothelium
in the confocal images.

PEX syndrome-associated corneal endotheliopathy has
been suggested to be caused by one or a combination of the
following alterations: hypoxic changes in the anterior cham-
ber, accumulation of extracellular matrix, fibroblastic changes
of the endothelium, and increased concentration of TGF-8.* 2
Our confocal microscopic findings suggest that the XFM, pos-
sibly at different stages of the normal course of PEX, may be
deposited on the endothelium or may migrate from the endo-
thelial cells that undergo fibroblastic changes. Our findings also
showed that hyperreflective materials are found not only on
the endothelium of PEX eyes but also in their fellow eyes,
indicating that the fellow eyes might be at a preclinical stage of
PEX syndrome. A bilateral decrease in the endothelial cell
counts and morphologic alterations of endothelium support
the idea that PEX is a binocular and systemic abnormality.
Patients with unilateral PEX syndrome may have asymmetric
manifestation of this slowly progressing disease.

Of clinical significance was our finding that the decreased
stromal cell densities observed by IVCM could possibly explain
the report that the central corneas of PEX eyes were thinner
than those of normal subjects.® The pathogenesis of the de-
crease of stromal cell density in PEX eyes warrants future
study. Because XFM deposits were simultaneously observed in
the anterior stroma of PEX eyes, we suggest that the XFM may
be somehow causative for this alteration, perhaps by inducing
apoptosis of the keratocytes. Other pathogenic factors, such as
altered levels of cytokines or chemokines in the cornea, could
also be responsible, and this definitely warrants future investi-
gation. In addition, PEX fellow eyes also had lower cell counts
in the stroma, although the difference was not statistically
significant. We suggest that the cause of the binocular differ-
ences in our study might have been because the two eyes were
at different stages of the PEX process, and PEX fellow eyes may
still be at a preclinical stage of PEX syndrome.

Other important findings were found in the subbasal nerve
plexus. Our results showed that the subbasal nerve density was
significantly lower and the nerves were mostly tortuous, with
beading and thinning in PEX eyes. Interestingly, PEX fellow
eyes also had similar alterations, though the changes were not
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significant. These findings support the idea that PEX syndrome
is a binocular abnormality that is expressed in both eyes but to
different degrees. The important clinical significance of our
study is that our correlation analyses showed that the de-
creased subbasal nerve density and increased tortuosity were
significantly correlated with decreased corneal sensitivity.
These results provide evidence, for the first time, that the
cause of the decreased corneal sensitivity in eyes with PEX
syndrome is the decreased subbasal nerve density. For patients
with PEX syndrome, it would be practical and feasible to
examine corneal sensitivity to assess the severity of PEX kera-
topathy and perhaps to predict the progression of PEX syn-
drome. In addition, detection of the morphologic changes in
cell densities and subbasal nerve abnormalities by IVCM in the
fellow eyes indicates that it is a sensitive tool for the diagnosis
of preclinical stage of PEX syndrome. Our findings showed that
PEX keratopathy may develop before any clinically visible XFM
deposits are detected on the lens capsule or iris. If these
findings are confirmed, then keratopathy may be the first event
of the ocular complications of PEX syndrome. These findings
also indicate that clinically unaffected fellow eyes of patients
with PEX syndrome are probably at risk for PEX syndrome, and
more frequent ophthalmologic examinations are necessary.

This study has increased our understanding of the keratopa-
thy of this most likely systemic abnormality. Whether the
alternations of the subbasal corneal nerves are primary or
secondary changes of the disease must be determined. Because
of the increase in the elastic microfibril components and im-
balances in the matrix metalloproteinases (MMPs) and tissue
inhibitors of MMP in eyes with PEX syndrome, PEX fibrils
accumulate in the tissues.’”® Our findings that XFM deposits
were frequently observed close to the subbasal epithelial layer
or anterior stroma support the idea that besides an abnormal
aggregation of elastic microfibrils into exfoliation fibers (the
elastic microfibril hypothesis),’>?! other extracellular matrix
components, such as basement membrane components, may
possibly interact and become incorporated into the composite
XFM (the basement membrane hypothesis).>> In addition, our
observation of an infiltration of dendritic cells in close vicinity
of the subbasal nerve plexus layer indicates the possibility that
accumulation of extracellular XFM may induce inflammatory
responses, which then recruit antigen-presenting cells such as
immunocompetent dendritic cells. This excessive deposition
of XFM and infiltration of dendritic cells may play a role in the
neuropathy of the subbasal nerve plexus, resulting in de-
creased corneal sensitivity in patients with PEX syndrome.

Some limitations were present this study. First, the IVCM
scans a very small area of the cornea, which may generate
biases among different portions of scanning of different
groups. As mentioned, efforts were taken to scan the center of
the cornea of each subject. In addition, we also confirmed our
findings by scanning the midperipheral and peripheral por-
tions of the cornea (data not shown).

Second, IVCM images may not represent the true histologic
changes of the cornea. By applying the same criteria for image
evaluation, we can conclude that the differences between the
studied groups were still detected. Furthermore, it was our
impression that fewer keratocytes were seen in the stromas of
corneal specimens obtained from PEX syndrome patients with
penetrating keratoplasty.

Future investigations, including a thorough and quantitative
analysis of the exfoliation material by confocal imaging, are
needed. In addition, the correlations between IVCM findings
with endothelial barrier function should be determined. If the
confocal findings can provide clues for preclinical stages of
endothelial barrier dysfunction of the cornea in PEX syndrome,
their clinical significance can be used in designing an early
treatment protocol.
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In summary, our study demonstrated that eyes with PEX

syndrome have decreased cell densities in the cornea. The
subbasal nerve density was also significantly decreased, and
this was significantly correlated with clinically decreased cor-
neal sensitivity. Our study sheds light on understanding the
cause of impaired corneal sensitivity in patients with PEX
syndrome. The PEX syndrome is probably a bilateral event in
which the keratopathy of the fellow eye also must be observed.
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Anatomy and Pathology

Anterior Segment Optical Coherence Tomography
Analysis of Clinically Unilateral Pseudoexfoliation
Syndrome: Evidence of Bilateral Involvement

and Morphologic Factors Related to Asymmetry

Xiaodong Zbeng,' Hiroshi Sakai,”> Tomoko Goto,"* Koji Namiguchi," Shiro Mizoue,
Atsushi Shiraishi," Shoichi Sawaguchi,”* and Yuichi Obashi*

Pureose. To compare the morphology of the anterior chamber
angle (ACA) and iris in eyes with pseudoexfoliation (PEX)
syndrome to that of their clinically unaffected fellow eyes and
normal control eyes.

MeTtHODS. Forty-two patients with unilateral PEX syndrome and
42 normal subjects were studied. Eyes were separated into
those with PEX, their clinically unaffected fellow eyes, and
normal eyes. The dark-light changes of the ACA and iris were
documented by anterior segment optical coherence tomogra-
phy (AS-OCT) video recordings. The nasal ACA parameters
including the angle opening distance at 500 um (AOD500), the
trabecular-iris space at 500 pm (TISA500), and the trabecular-
iris angle at 500 um (TIA500); anterior chamber depth (ACD);
iris-lens contact distance (ILCD), and iris configuration were
analyzed with the built-in software and a customized program.

Resurts. The ACA parameters were not significantly different
among all three groups in the dark. The PEX eyes had signifi-
cantly smaller ACA parameters than their fellow eyes and
normal control eyes in the light. PEX eyes also had significantly
shallower ACD, longer ILCD, and greater iris convexity (both
in dark and light), and thinner iris (in dark) than their fellow
eyes. The fellow eyes had significantly lower ACD both in the
dark and light, and smaller angle opening distance at 500 um
and ILCD in the light than normal controls. There were no
significant differences in the iris area among the three groups.

Concrusions. Differences in the anterior segmental morphol-
ogy are present between PEX and fellow eyes. These disparities
may be related to the asymmetry in patients with the unilateral
PEX syndrome. (Invest Ophthalmol Vis Sci. 2011;52:5679 ~5684)
DOI:10.1167/iovs.11-7274

he pseudoexfoliation (PEX) syndrome is 2 common age-
related disorder of the extracellular matrix that can affect
10%-20% of people older than 60 years worldwide.’* The
main ocular manifestation of PEX is the production and pro-
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gressive accumulation of abnormal extracellular fibrillar and
pseudoexfoliation material in almost all of the inner walls of
the anterior segment of the eye. There has been a renewed
interest in this disease because of the better awareness of the
complications accompanying PEX including phacodonesis and
lens subluxation, intractable glaucoma, melanin dispersions,
poor mydriasis, blood-aqueous barrier dysfunction, and poste-
rior synechiae.*?

Up to 76% of patients with PEX are initially diagnosed as
having unilateral PEX.> However in an electron microscopic
study, Parekh et al. reported that 26 of 32 patients (81%) with
clinically unilateral PEX had pseudoexfoliation material on ei-
ther the lens capsule or conjunctival samples of the clinically
unaffected eyes.4 Furthermore, several reports on the fol-
low-up of patients with unilateral PEX documented that 74% to
81.6% of the unilateral cases became bilateral.>™” This sug-
gested that unilateral PEX is in fact a bilateral but asymmetric
condition, and the percentage of unilateral disease decreases
with a corresponding increase in bilateral disease with increas-
ing age. The factors affecting the conversion from unilateral to
bilateral disease are not known, and the pathogenic mecha-
nism underlying the asymmetric condition has not been deter-
mined. Subtle differences in ocular blood flow,® aqueous hu-
mor dynamics, blood-aqueous barrier function, or anterior
segmzental morphology might be responsible for the asymme-
try. b
Ultrasound biomicroscopic (UBM) studies on the morpho-
logic alterations of the anterior segment of PEX eyes have
shown abnormalities of the zonules, lens thickening, shallow
central anterior chamber depth (ACD), and occludable an-
gles.”"'% In unilateral PEX patients, the PEX eyes and fellow
eyes have been reported to share some similar morphologic
changes.**

With the advancement of ophthalmic imaging instruments,
more information has been obtained on the morphology of the
structures in different ocular disorders. Fourier domain ante-
rior segment optical coherence tomography (AS-OCT) is a
representative imaging technique that provides cross-sectional
views of the anterior segment with a resolution better than that
of UBM.'” Images and measurements of very fine structures
can be achieved rapidly and noninvasively. In addition, using
the AS-OCT video mode has allowed investigators to document
dynamic morphologic alterations of the anterior chamber angle
(ACA) and iris during pupillary movements without being in-
fluenced by accommodation.*¢~18

The purpose of this study was to compare the morphology
of the anterior segment of affected eyes and their fellow eyes
in cases of unilateral PEX. To accomplish this, we recorded
images of the anterior segment by AS-OCT during pupillary
dilation and constriction. Comparisons were made of the ACA
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and the iris parameters in the PEX eyes, their fellow eyes, and
normal control eyes.

SuBJECTS AND METHODS

Patients and Control Subjects

We studied 45 consecutive patients with unilateral PEX syndrome who
visited the Department of Ophthalmology, Ehime University from
January 2009 to November 2010. All eyes were examined by slit-lamp
biomicroscopy after pupillary dilation. PEX eyes had clinically evident
PEX material at the pupillary border or on the anterior lens capsule in
one eye. These eyes were placed in the PEX eye group. Their clinically
unaffected fellow eyes were placed in the fellow eye group. Forty-five
age- and sex-matched normal subjects were also studied and one eye
was randomly selected as the normal control.

The exclusion criteria included: prior intraocular surgery, €.g., laser
trabeculoplasty, laser iridotomy, laser iridoplasty, or ocular trauma;
evidence of peripheral anterior synechiae on indentation; iris dystro-
phy or dyscoria; lymphoma, sarcoidosis, diabetic mellitus, inflamma-
tion; eyes using anti-glaucoma medications or having abnormal intra-
ocular pressure; or use of systemic medications that could affect the
ACA or pupillary reflex.

All participants underwent a complete ophthalmic examination,
including best-corrected visual acuity, autorefraction, slit-lamp micros-
copy, and intraocular pressure measurements by applanation tonome-
try (Goldmann; Haag-Streit, Koniz, Switzerland). The ocular axial
length was measured (JOL Master; Carl Zeiss, Jena, Germany). Gonios-
copy was performed with a 4-mirror lens at high magnification (X16)
with the eye in the primary position of gaze. All investigated eyes had
open-angles and all structures anterior to the scleral spur were identi-
fied by gonioscopy (Shaffer grade = 2).

The procedures used conformed to the tenets of the Declaration of
Helsinki. An informed consent was obtained from all subjects after an
explanation of the nature and possible consequences of the proce-
dures. The protocol used was approved by the Ethics Committee of
Ehime University School of Medicine.

Anterior Segment Optical
Coherence Tomography

An experienced operator who was masked to the results of the oph-
thalmic examinations performed the AS-OCT (Swept-source 1000

AS-OCT Analyses of Anterior chamber Angle and Iris Configuration
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CASIA AS-OCT, Tomey, Nagoya, Japan). This AS-OCT system had a 30
kHz axial scan rate with an axial resolution of 10 wm. The use of 1310
nm wavelength coupled with high resolution Fourier domain-OCT
improved the resolution and penetration of the measuring beam into
turbid tissues with a scan depth of 6 mm. This was sufficient to image
the entire anterior segment in one frame.'® The scan of the anterior
chamber was a noncontact procedure during which the subject fixated
on an internal target.

The AS-OCT real-time video recording mode (4 frames per second)
was used to study the changes of the ACA and the iris during pupillary
dilation and light-induced constriction. The scan was centered on the
pupil, and the scan passed along the nasal-temporal axis, i.e., 0° to
180°. After one minute at 50 lux of dark-adaptation, a LED pen light
(Gentos, Tokyo, Japan), fixed at a distance of 20 cm, 45° from the optic
axis of the examined eye, was turned on. The illuminance of the light
was standardized at 2000 lux, and it was kept on for 4 seconds to
induce pupillary constriction. AS-OCT scans were recorded for 10
seconds and the operator chose the best video frame with good
centering to analyze. Data were excluded if the scleral spur could not
be identified or the frame was of suboptimal quality because of blinks
and eye movements. Each eye was examined three times with an
intertest interval of at least 10 minutes.

Image Processing

All images were processed separately and analyzed by two observers
(XZ and KIN) who were masked to the clinical findings of the eye. The
video file was reviewed and one frame of the images in the dark (most
dilated pupil) and the light (most constricted pupil) were selected for
each subject. The morphology of structures on the nasal side of the eye
was analyzed. Images were first analyzed with the built-in software for
the ACA parameters: angle opening distance at 500 um (AODS500),
trabecular-iris space at 500 um (TISA500), and trabecular-iris angle at
500 wm (TIA500). The central anterior chamber depth (ACD) and the
pupillary diameter were also measured (Fig. 1A).

All images were then exported and analyzed with a customized
software program written for the following iris parameters (Fig. 1B):
the iris thickness in the dilator muscle region (DMR) which was set at
one-half of the distance between the scleral spur and the pupillary
margin was measured as described®; and the iris thickness in the
sphincter muscle region (SMR) which was set at 0.75 mm from the
pupillary margin was also measured. The ratio of the thickness at

FIGURE 1. Anterior segment optical
coherence tomographic (ASOCT) im-
ages from which the morphologic pa-
rameters of the structures in the anterior
chamber and the iris were measured. (A)
Anterjor chamber parameters of (1) an-
gle measurements (AOD500, TISA500,
and TIAS00 were used), (2) central ante-
rior chamber depth (ACD), and (3) pu-
pillary diameter. (B) Iris configurations
of (4 iris thickness (T) at the dilator
muscle region (DMR) measured at one-
half of the distance between the scleral
spur (8S) and the pupillary margin; iris
thickness at the sphincter muscle region
(SMR) measured at 0.75 mm from the
pupillary margin, (5) iris convexity C),
and (6) iris area (indicated by green
shading over the right half of the iris).
(O Irislens contact distance JLCD) mea-
surement. Asterisks represent three
points selected on the lens surface for
generating estimated curved line of the
anterior lens capsule. The ILCD was
measured along the iris pigment epithe-
lium from the papillary border to the
point at which the iris was seen to sep-
arate from the anterior lens capsule.
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the DMR and SMR (DMR/SMR) was used for the statistical analyses to
reduce the intersubject variability.

In addition, the iris convexity was defined as the distance between
the posterior point of greatest iris curvature to a line drawn from the
most peripheral to the most central points of the iris pigment epithe-
lium. The area of the iris was determined by the cumulative cross-
sectional area of the iris from the scleral spur to the edge of the pupil. *°
A program was also written for the calculation of iris-lens contact
distance (ILCD). To measure this, 3 points were manually designated
on the lens surface and a curved line of the anterior lens capsule was
automatically generated by the software. The ILCD was measured
along the iris pigment epithelium from the pupillary border to the
point at which the iris was seen to separate from the anterior lens
capsule (Fig. 1C). These measurements had good reliability with the
intraobserver and interobserver intraclass correlation coefficients rang-
ing between 0.96 to 0.98 and 0.97 to 0.99, respectively. '

Statistical Analyses

All data are expressed as the means * standard deviations (SDs). Gen-
der differences between PEX patients and normal subjects were eval-
uated by the x? test. Comparisons of other demographic data, biomet-
ric characteristics, and AS-OCT parameters were evaluated by paired
itests (PEX eye versus fellow eye) or two-tailed Student’s t-tests (PEX
eye versus normal control eye or fellow eye versus normal control
eye). The ACA and iris parameters were compared with adjustment for
pupil size. The significance of the differences in the DMR/SMR ratio
among the three groups was determined by the Tukey-Kramer test. A
probability level of P < 0.05 was considered statistically significant.
Data were analyzed with statistical software (JMP version 9.0 for
Windows; SAS Japan Inc., Tokyo, Japan).

RESULTS

Three patients with unilateral PEX and three normal subjects
were excluded due to a poor imaging of the scleral spur.
Forty-two patients (17 men and 25 women with a mean age of
72.7 £ 7.4 years and a range of 61 to 92 years) and 42 normal
subjects (16 men and 26 women with a mean age of 73.6 = 8.9
years and a range of 64 to 90 years) were analyzed. The mean
age of the PEX patients was not significantly different from that
of the normal controls (P = 0.886, two-tailed Student’s #test).
Slit-lamp biomicroscopy showed that all eyes with PEX had
typical whitish exfoliation material at the pupillary edge and on
the anterior lens capsule. The fellow eyes and normal control
eyes did not have these deposits. The differences in the visual
acuity, gender distribution, refractive error (spherical equiva-
lent), axial length, intraocular pressure, and gonioscopic grad-
ing (Shaffer) of the ACA among the three groups were not
significant. The data are summarized in Table 1.
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Comparisons of AOD 500 for PEX, Fellow and Normal Control Eyes
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FIGURE 2. Comparisons of AODS500 for eyes with the PEX syndrome,
their unaffected fellow eyes, and normal control eyes. Dark, values
measured in the dark when pupils were mostly dilated; Light, values
measured in the light when pupils were mostly constricted; Light-dark,
AOD500;gne — AODS500, . Statistical significance is denoted by
*P < 0.01, and *P < 0.05.

Anterior Chamber Angle (ACA) Morphology

In the dark when pupils were dilated, the mean AOD500 was
333.6 = 56.5 um in the PEX eyes, 380.1 = 76.4 um in the
fellow eyes, and 392.6 = 87.2 um in the normal control eyes
(Fig. 2). The differences between the three groups were not
significant (PEX versus fellow, P = 0.225, paired #tests; PEX
versus normal, P = 0.133; and fellow versus normal, P = 0.416,
both two-tailed Student’s #test). When the pupils were con-
stricted by light, the AODS500 in the PEX eyes was significantly
smaller than that of the fellow eyes (P = 0.021) and the normal
eyes (P = 0.008). The AOD500 in the fellow eyes was also
significantly smaller than that of the normal eyes (P = 0.037).
In addition, the mean dark-to-light change of the AOD500 for
the PEX eyes was also significantly less than that of the fellow
eyes (20.5 = 16.6 pm vs. 60.8 * 42.2 um; P = 0.007) and of
the normal control eyes (P = 0.004). The difference in the
changes of the AOD500 between the fellow and normal con-
trol eyes was also significant (P = 0.033).

In the dark, the TISA500 was not significantly different
among the three groups. However in light, the TISA500 of the
PEX eyes was significantly smaller than that of the fellow eyes
and normal control eyes (Fig. 3).In the light, the PEX eyes also
had significantly narrower TIA500 than that of the fellow and
normal control eyes. Similarly, the dark-to-light change of the
TIAS500 of the PEX eyes was significantly less than that of the

TasBLE 1. Demographic and Biometric Characteristics of PEX Eye, Fellow Eye, and Normal Control

Eye Groups
PEX Fellow Normal P

Age, y 727 7.4 — 73.6 £ 8.9 0.886*
Sex, male/female 17/25 — 16/26 0.763%
Spherical equivalent, D —0.34 + 28 -0.22 * 1.76 -0.28 = 1.52 0.521%
BCVA, LogMAR 0.04 = 0.05 0.03 £ 0.04 0.00 £0.03 0.554%
Axial length, mm 23.71 = 0.94 24.06 = 0.81 24.5 * 1.01 0.669%
Intraocular pressure, mm Hg 148 = 3.1 13.6 £ 3.8 13.1 £ 4.8 0.375%
Gonioscopy grading (Shaffer) 2.9 + 0.68 31+077 3.1+0.82 0.428%

Data are given as mean = SD. All groups, # = 42. BCVA, best-corrected visual acuity; D, Diopter;
LogMAR, logarithm of the minimum angle of resolution.

* PEX patients versus normal control subjects (two-tailed Student’s #test).

1 PEX patients versus normal control subjects (x.

F PEX eye versus fellow eye (paired rtest).
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Comparisons of TISA 500 for PEX, Fellow and Normal Control Eyes
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FIGURE 3. Comparisons of TISA500 for eyes with the PEX syndrome,
their unaffected fellow eyes, and normal control eyes. Dark, values
measured in the dark when pupils were mostly dilated; Light, values
measured in the light when pupils were mostly constricted; Light-dark,
TISA500gighy — TISA 5004q. Statistical significance is denoted by
*P < 0.05.

fellow eyes (Fig. 4). The PEX eyes had significantly smaller ACD
than that of the fellow eyes both in dark and light (P = 0.021
and P = 0.018, respectively; paired #-tests; Table 2). The ACD
of the fellow eyes was also significantly smaller than that of
normal control eyes (P = 0.038 and P = 0.032 for dark and
light respectively; two-tailed Student’s #-test).

The pupillary diameter in dark for the PEX eyes was signif-
icantly smaller than that of fellow eyes (P = 0.011). When the
dark-to-light change was analyzed, the PEX eyes had signifi-
cantly less pupillary change than that of the fellow eyes (P =
0.025) and the normal control eyes (P = 0.008).

Iris Configuration

The difference in the area of the iris was not significant among
the three groups either in dark or light. The mean iris convex-
ity of the PEX eyes was 286.3 ® 63.7 um in the dark and
251.5 * 72.4 pm in the light. The mean iris convexity of the
fellow eyes was 239.4 + 86.6 um in the dark and 195.1 * 59.3
wm in the light. The iris convexity was significantly greater in
the PEX eyes than that of their fellow eyes both in the dark
and the light (P = 0.029 and P = 0.038, respectively; paired
t-tests). The convexity of the iris of the fellow eyes was also
larger than that of the normal controls but the difference
was not significant.

The DMR/SMR ratio in dark for PEX eyes was significantly
less than that of the fellow eyes (P = 0.037; Tukey-Kramer
test). The differences in the DMR/SMR ratio among the three
groups in light were not significant (Table 2).

Iris-Lens Contact Distance (ILCD)

The mean ILCD of PEX eyes was 0.523 = 0.14 mm in the dark
and 0.908 * 0.15 mm in the light. The mean ILCD of the fellow
eyes was 0.346 = 0.12 mm in the dark and 0.732 % 0.11 mm in
the light. The differences in the ILCD between PEX and fellow
eyes were significant both in dark and light (P < 0.001 for
both; paired #tests; Figure 5). In the light, the ILCD of the
fellow eyes was also significantly longer than that of normal
control eyes (P = 0.035; two-tailed Student’s ztests; Fig. 5).

DiscussioN

Our findings showed that AS-OCT can be used for noninvasive,
quantitative, and reliable analyses of the ACA and iris morphol-
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ogy in eyes with the PEX syndrome. These findings would
probably not be obtained by regular gonioscopy or slit-lamp
examination. Analyzing the video files provided us with a
useful method to accurately examine the ACA and iris config-
uration when the pupil was most dilated or constricted. This
then allowed us to detect subtle changes between the dark and
light conditions.

The differences in the ACA parameters, namely, the
AODS500, TISA500, and TIA500, among the three groups were
not significant in the dark. However, when the pupil was
constricted by light, the PEX eyes had significantly smaller
values for all the ACA parameters indicating that the widening
of the ACA was significantly more impaired in PEX eyes than in
their fellow eyes or normal controls. These findings combined
with the smaller ACD in PEX eyes indicate the possibility of a
weakness of the zonular fibers and forward shifting of the lens,
which is consistent with the previous UBM studies.'® % For
our PEX patients, although the lens shifting was too small to
cause a statistically significant change in the refraction, this
alteration could be detected by the highly sensitive AS-OCT
analysis.

It is known that melanin granules derived from the iris
pigment epithelium and PEX deposits form posterior synechiae
starting from the early stages of the PEX process.’” These
morphologic changes may account for the poor mydriasis,
increased iridolenticular contact, and decreased ability of ACA
widening during pupillary constriction.

On the other hand, these morphologic alterations may be
pathogenic factors for PEX development or the cause for PEX
progression in the PEX process. The morphologic changes may
also lead to decreased blood flow or circulatory disturbances
resulting in abnormalities in the microenvironment of the an-
terior chamber such as hypoxia and elevation of cellular
stress.»®® Increased pathologic cytokine or chemokine levels,
hypoxic conditions, and circulatory factors in the anterior
segment of the eye may also play pivotal roles in the progres-
sion of PEX. The relationships among these factors with the
morphologic changes need to be investigated.

The iris-lens contact distance (ILCD) was also compared
among the three groups. Although ultrasound microscopy can
be used for direct measurements of ILCD,**"*> our study pro-
vided a rapid, noncontact method in evaluating this parameter
by AS-OCT imaging. The use of Fourier domain AS-OCT pro-
vided excellent images of the iris configuration and in combi-

Comparisons of TIA 500 for PEX, Fellow and Normal Control Eyes
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IGURE 4. Comparisons of TIAS00 for eyes with the PEX syndrome,
their unaffected fellow eyes, and normal control eyes. Dark, values
measured in the dark when pupils were mostly dilated; Light, values
measured in the light when pupils were mostly constricted; Light-dark,
TIAS5004igne — TIA500y,.,- Statistical significance is denoted by **P <
0.01, and *P < 0.05.



